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The ultimate goal of this project is to comprehensively investigate induced
seismicity potential by studying the behavior of fault shear zones during high pressure
CO2 injection for utilization and storage operations. Seismicity induced by fluid injection
is one of the major concerns associated with recent energy technologies such as Carbon
capture and storage (CCS) projects. CO2 injection increases reservoir pore pressure and
decreases the effective stress causing deformation that can degrade the storage integrity
by creating new fractures and reactivating faults. The first consequence is that
reactivation of faults and fractures create a pathway for upward CO2 migration. The
increased seismic activity is the second consequence, which raises the public concern
despite the small magnitudes of such earthquakes.
Changes in pore fluid pressure within the injection zone can induce lowmagnitude seismic events. However, there are multiple involved Thermo-HydroMechanical (THM) processes during and after fault slip that influences pore pressure and
fault strength. Flash heating and thermal pressurization are two examples of such
processes that can weaken the fault and decrease frictional resistance along the fault.

The proposed study aims to use a multi-physics numerical simulation to analyze
the fault shear zone mechanics and capture the involved THM processes during CO2
injection. In one study, a coupled THM model is performed to simulate stress and pore
pressure changes in the fault and ultimately measuring the maximum induced magnitude.
The other study investigates the response of the fault shear zone during CO2 injection
with and without considering the thermal pressurization (TP) effect. In the third part, the
realistic behavior of friction was studied by using a rate-and-state friction theory to
capture the full earthquake rupture sequence. The outcome of the proposed project can
significantly increase the efficiency and public acceptance of CCS technology by
addressing the major concerns related to the induced seismicity due to CO2 injection.
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CHAPTER I
INTRODUCTION
1.1

Overview and Significance
Over the past century, one of the critical problems that human society faces is

mitigating global warming. Earth's average temperature has risen by 1.5°F over the past
century, and is predicted to rise another 0.5 to 8.6°F over the next hundred years (NRC
2012). Small changes in the average temperature leading to catastrophic changes in
climate and weather. At the Paris climate conference (COP21) in December 2015, the
world reached an agreement to reduce carbon dioxide (CO2) emissions and limit the
temperature increase well below 2°C.
Owing to the industrial revolution, fossil fuels including coal, oil, and gas
becomes the world’s most dependable energy (NETL 2008). When fossil fuels are
burned they release carbon dioxide into the atmosphere which contributes to the main
sources of global warming (e.g., IPCC 2000). One promising approach is CO2 capture
and storage (CCS) in deep geologic formations (e.g., Chu 2009, Bachu 2008). CCS has
the potential to capture up to 90% of the carbon dioxide (CO2) emissions produced from
electricity generation and industrial processes (IEA 2012). The technology involves
capturing CO2 produced by large industrial plants, storing it through high pressure
injection in deep geological formations such as deep saline aquifers and depleted oil and
gas reservoirs (e.g., Haszeldine 2009). In addition to storage purposes, CO2 injection has
1

successfully been performed for utilization operations such as enhanced oil recovery
(CO2-EOR), enhanced gas recovery (CO2-EGR) and enhanced coal bed methane
recovery (CO2- ECBMR) for the past few decades. For example, CO2-EOR currently
contributes to about 5 % of oil production in the U.S. and it is anticipated that the
technology can recover an additional 60 billion barrels of crude oil in the U.S., which is
three times current proven reserves (McConnell 2012).
Large-scale injection of CO2 is required to make noticeable reduction in amount
of atmospheric CO2 (Benson and Cole 2008). Securing such a large volume will require
a thorough investigations and scientific foundation. Induced seismicity due to high
pressure injection is one of the major concerns associated with CCS as well as other
recent energy technologies such as unconventional gas reservoirs and enhanced
geothermal systems (e.g., Nicot and Duncan 2012, NRC 2013). For instance, major
public concern was raised after a magnitude 3.4 earthquake caused by fluid injection at
the depth of 3 km in the Basel Hot Dry Rock geothermal project in Switzerland forced
the shutdown of the project (Dannwolf and Ulmer, 2009). Another major issue associated
with this technology is potential for leakage of CO2 to reach the shallow groundwater
aquifers through fracture or reactivated faults (Bachu 2008, NRC 2013). Properly
addressing these issues is crucial to obtain public acceptance for the technology and also
to prevent possible CO2 leakage from the storage site due to fracture or fault-slip in the
faults which can be reactivated due to injection (Bachu 2008, NRC 2013).

2

1.2

Objectives and Scope
The goal of the proposed research is to investigate the fault response during high

pressure CO2 injection for utilization and storage operations, with a view toward
addressing induced seismicity.
In the second chapter of this dissertation the induced seismicity potential and
geomechanical deformations were investigated for the scenario where a limiteddimension fault, which cannot be detected by geophysical surveys, exists around the
injection site. In this task, a set of 2-D coupled THM modeling was performed to
simulate stress changes and resulting geomechanical deformations in the reservoir,
caprock, and fault due to CO2 injection. The fault slip obtained from the model was used
to calculate the maximum magnitude of induced earthquake.
In the third chapter of this dissertation, we investigated the impact of thermal
pressurization (TP) on temperature and pore pressure changes within the shear zone of a
slipping fault under supercritical CO2 injection. As a weakening mechanism, TP of fault
fluid during slip tends to reduce frictional resistance by increasing pore pressures along
the fault shear zone. We employed a multi-scale modeling approach in which the CO2
injection was simulated in a large-scale model of reservoir and the results were then
exported into a micro-scale model of the fault shear zone which incorporates the TP
effect. A poroelasticity finite element model was created in the large-scale model to
determine the stress and pressure changes in the reservoir and within the fault zone
during CO2 injection. The fault slip, pressure, and stresses obtained from the large-scale
model were fed into the small-scale model to define hydraulic and mechanical boundary
conditions of the shear zone of the fault. Two small-scale models were developed to
3

compare the response of the fault shear zone with and without considering the TP. For the
model with the TP effect, a simple constitutive law was implemented to couple pore
pressure changes with temperature rise due to frictional heating.
In the fourth chapter, the behavior of fault during CO2 injection, considering rateand-state friction theory during injection was investigated. For this purpose a 2-D
mechanical modeling representing normal fault was developed and fault response was
computed.
1.3

Organization of Study
This dissertation is organized into five chapters. The first and last chapters are an

introduction and conclusions, respectively. The remaining three chapters represent three
peer-reviewed documents (one has been published, while others are in various stages as
of the date of this document). As of the writing of this dissertation, Chapters 2 has been
published as peer-reviewed papers, and Chapters 3 has been submitted to peer-reviewed
journal and is currently in review.

4

CHAPTER II
NUMERICAL SIMULATION OF INDUCED SEISMICITY IN CARBON CAPTURE
AND STORAGE PROJECTS
This chapter has been previously published as a journal article in Issue 2 of the
Geotechnical and Geological Engineering. The original paper may be accessed at
http://dx.doi.org/10.1007/s10706-015-9859-7.

2.1

Introduction
Fossil fuels are the world’s most dependable and cost-effective energy source

(IEA 2009). They make up to 90% of the total primary energy sources in the world, and
more than 85% in the United States (U.S.) (NETL 2008). When burned, they produce
greenhouse gases such as carbon dioxide (CO2). Excessive CO2 emissions from various
sources are reported as one of the main factors triggering several climate change trends
observed over the past 50 years (e.g., IPCC 2000). Carbon capture and storage (CCS)
has widely been acknowledged as a promising technology that can limit CO2 emissions
into the atmosphere and so, can mitigate the subsequent impacts on climate (e.g., Chu
2009). CCS has the potential to reduce up to 20% of CO2 by 2050 (IEA 2012). The
technology consists of capturing CO2 at source emitters (e.g., coal-fired power plants)
and storing it through high pressure injection in deep geological formations such as deep
saline aquifers and depleted oil and gas reservoirs (e.g., Haszeldine 2009). In addition to
5

storage purposes, CO2 injection has successfully been performed for utilization
operations such as enhanced oil recovery (CO2-EOR), enhanced gas recovery (CO2-EGR)
and enhanced coal bed methane recovery (CO2-ECBMR) for the past few decades. For
example, CO2-EOR is currently providing about 5% of the U.S. oil production and it is
anticipated that the technology can recover an additional 60 billion barrels of crude oil in
the U.S. which is three times current proven reserves (McConnell 2012). Among the
recent technologies identified for saving energy and increasing CO2 emissions, CCS is
the only option with the potential to enable major industries such as steel, cement and
natural gas/oil to significantly reduce their deep emissions (IEA 2012).
Despite its viable perspectives, the potential of CCS has not been fully realized
due to some economical, technical and social challenges. These challenges and concerns
have slowed the large scale implementation of CCS as well as public acceptance of the
CCS technology (e.g., IEA 2012, Van Noorden 2010). Induced seismicity due to high
pressure injection is one of the major concerns associated with CCS as well as other
recent energy technologies such as unconventional gas reservoirs and enhanced
geothermal systems (e.g., Nicot and Duncan 2012, NRC 2013). Among these recent
energy technologies, the need for investigating the induced seismicity potential in CCS is
more pronounced due to lack of experience with large-scale injection and some unique
characteristics of CCS operations (NRC 2013). Properly addressing this issue is crucial to
obtain public acceptance for the technology and also to prevent possible CO2 leakage
from the storage site due to fracture or fault-slip in the faults which can be reactivated
due to injection (Bachu 2008, NRC 2013). CO2 storage sites should consist of critical
characteristics such as the capacity to accept the intended volume of CO2, the injectivity
6

to take in CO2 at the rate that is produced from the CO2 emitters and, the confinement to
prevent the migration and leakage of the CO2 from the storage space to other places in the
subsurface either shallow potable groundwater or the surface. Large-scale CCS
operations have been performed at few sites including Sleipner (Norwegian North Sea),
Weyburn (Canada), Cranfield (MS, USA) and In Salah (Algeria) and no noticeable
seismic event has been reported in these projects to date (e.g., Nicot et al., 2013, Verdon
et al. 2013, Rinaldi et al. 2014). However, Zoback and Gorelick (2012) argued that largescale CO2 injections can induce small magnitude seismic events which can significantly
threaten the long-term seal integrity of CO2 storages. Rinaldi et al. (2014) performed
fully coupled numerical simulations and showed that there is a poor correlation between
the magnitudes of induced seismic event of the potential amount of CO2 leakage.

CO 2 Buoyancy Migration

Fracturing

Figure 2.1

Fault Reactivation

Potential impacts of CO2 injec tion on subsurface strata
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When CO2 is injected, the pore pressure in the reservoir increases and the
effective stress decreases. The changes in the effective stress and pore pressure cause
expansion in reservoir rocks which leads to deformation of overburden (Zoback and
Harjes, 1997). This deformation may affect the storage integrity by creating some new
fractures, reactivating faults and changing the permeability (e.g., Rutqvist 2012). These
events are influenced by some critical factors such as in situ stresses, injection pressure,
existence and nature of fractures and faults, and rock properties (Bachu et al., 1994, Celia
et al. 2005). Two major consequences can be envisioned; the first consequence is upward
migration of CO2 and these reactivated faults/factures can play as pathways for migration
of CO2. For instance, natural CO2 degassing through active fault zones was observed
during the 1965–1967 Matsushiro earthquake swarm in Central Japan (Cappa et al.,
2009). The second consequence is occurrence of seismic events which may cause major
public concern even though the magnitude of induced earthquake is small. Thus, it is very
important to assess the potential of induced seismic events in CCS operations and to
estimate how such events might impact the sequestration efficiency (NRC 2013). The
need is more pronounced with the consideration of recent studies to implement CSS in
faulty geomechanical formations (e.g., Castelletto et al. 2013a,b). Rutqvist et al. (2007)
studied the maximum injection pressure using coupled fluid flow and geomechanical
modeling. Several investigations have been performed to study the storage integrity by
determining the potential risk of leakage via faults, fault reactivation and the possibility
of creating new fractures (e.g., Chiaramonte et al. 2007, Rutqvist et al. 2009, Rinaldi et
al. 2014). As schematically shown in Fig. 2.1, fault rupture occurs if the shear stress on
the fault plane is high enough to exceed the shear strength of the fault (Sibson, 1992;
8

Miller et al., 1996; Streit and Cox, 2001). When fluid pressures increase within the fault
zone due to high pressure injection, the frictional resistance along the fault decreases
since the fluid has little or no shear strength. This phenomenon will trigger the fault
blocks to slip, inducing a seismic event (e.g., Wibberley and Shimamoto, 2005; Rice,
2006; Cappa et al. 2009; Cappa and Rutqvist 2011a)(Fig. 2.2).
This study investigates the induced seismicity potential and geomechanical
deformations for the scenario where a limited-length fault, which cannot be detected by
geophysical surveys, exists around the injection site. Current seismic imaging techniques
can detect major faults and some fractures so the seismic events can be evaluated for this
type of faults (e.g., Kanamori, 1977, Wells and Coppersmith, 1994; Abercrombie, 1995).
However, these techniques cannot locate smaller faults and potential pathways such as
blind faults, whose lengths are small compared to the reservoir thickness, through which
significant leakage can occur (Mazzoldi et al., 2012). Simulation of CO2 injection
inherently poses a multi-physics problem including coupled thermal, hydrological, and
geomechanical processes. To properly capture different aspects of the problem, 2D
coupled Thermo-Hydro-Mechanical (THM) modeling using the Finite Element Method
(FEM) was carried out to determine changes in the stress and deformation fields in the
reservoir and surrounding rock. Modeling was performed using COMSOL Multiphysics,
a designated solver for multiphysics simulations. The fault slip computed from the
numerical model was used along with seismological theories to estimate the maximum
magnitude of the earthquake induced by CO2 injection. A parametric study was
performed to investigate the effects of reservoir properties as well as thermal stresses on
geomechanical deformation, fault slip, pore pressure generation versus time, rupture time,
9

and magnitude of induced events. The effects of permeability, porosity, and thickness of
the reservoir, and inclusion of the heat flux were discussed.

t

f Internal angle friction
Post injection

Pre-injection

2x fault angl e

σ'3

σ'1

σ3

σ1

σ

Excess pore pressure

Figure 2.2

2.2

States of stress before and after CO2 injection

Coupled Thermo-Hydro-Mechanical Modeling
A 2D FE model coupling single-phase flow, poroelasticity and thermal stress was

built in COMSOL Multiphysics. The model, inspired by the work done by Mazzoldi et al.
(2012), simulates a 1-km long pre-existing fault which cannot be easily detected by
surveys and it was used to determine changes in the stress distribution and resulting
geomechanical deformations in the reservoir, fault and surrounding rock. Mazzoldi et al.
(2012) used TOUGH-FLAC (Rutqvist et al., 2002) for coupled hydro-mechanical (HM)
modeling of CO2 injection and estimated the maximum earthquake magnitude and
leakage potential from undetected faults for limited-length faults (length < 1 km).
Mazzoldi et al. (2012) studied the effects of fault permeability on the magnitude of
induced seismic events. In this study, the authors added thermal interactions by
10

employing a coupled THM model and in addition to permeability, the impact of porosity
and thickness of the reservoir on resulting geomechanical deformations, pore pressure
generation and induced seismic events are also investigated.
2.2.1

Governing Equations
As discussed earlier, CCS poses a multiphysics problem including

geomechanical, fluid, and thermal processes. Different physics involving thermo-hydromechanical interactions were incorporated in the simulation by employing the structural
mechanics, subsurface flow and heat transfer modules in COMSOL Multiphysics. For
completeness, underlying theories for these modules including poroelasticity, Darcy’s
law and heat transfer in porous media are briefly presented in this section.
Comprehensive discussion and further details can be found in Bear and Bachmat (1990),
Coussy (2004), and the COMSOL Multiphysics User’s Guide (COMSOL 4.3b, 2013).

2.2.1.1

Poroelasticity
Poroelasticity can be described as diffusion of flow in elastic porous solids.

Poroelastic models study the linked interaction between fluids and deformation in porous
media. The strain tensor (𝜀) can be calculated as:
𝜀=

1
[(∇𝑢)𝑇 + (∇𝑢) + (∇𝑢)𝑇 (∇𝑢)]
2

(2.1)

where ∇𝑢 is the displacement gradient. In order to couple fluid flow with solid
deformation, an additional term which defines fluid pressure variation added to the

11

structural mechanics equations. Therefore, the hydro-mechanical coupling is expressed
by the following equation:

𝑆 − 𝑆0 = 𝐶 ∶ (𝜖 − 𝜖0 − 𝜀𝑖𝑛𝑒 ) − 𝛼𝐵 𝑝𝑓 𝐼

(2.2)

where 𝑆0 and 𝜖0 are the initial stress and strain, 𝐶 is the 4th order elasticity tensor, 𝜀𝑖𝑛𝑒 is
the inelastic strain, 𝛼𝐵 is the Biot-Willis coefficient, 𝑝𝑓 is the fluid pore pressure, and I is
the identity tensor. The (𝛼𝐵 𝑝𝑓 𝐼) term represents the fluid pressure variation.
2.2.1.2

Darcy’s law
Darcy’s law describes the flow field in the poroelastic model. Darcy’s equation in

the subsurface flow module is modified to include the time rate change of volumetric
strain as:

𝜌𝑓 𝑆

𝜕𝑝𝑓
𝑘
𝜕𝜖𝑣𝑜𝑙
+ ∇ · 𝜌𝑓 [− ∇𝜌𝑓 ] = 𝑄𝑚 − 𝜌𝑓 𝛼𝐵
𝜕𝑡
𝜇
𝜕𝑡

(2.3)

where 𝜌𝑓 is the fluid density, S is the storage coefficient, t is time, k is the permeability of
the porous medium, 𝜇 is the fluid’s dynamic viscosity, 𝑄𝑚 is the mass source term, and
𝜕𝜖𝑣𝑜𝑙
𝜕𝑡

is the rate of change in volumetric strain derived from the solid displacement. The

storage coefficient (S) can be calculated using the following expression:
𝑆=


1 − 𝛼𝐵
+ (𝛼𝐵 − )
𝐾𝑓
𝐾𝑑

(2.4)
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where 𝐾𝑓 is the fluid bulk modulus, 𝐾𝑑 is the drained bulk modulus of the porous matrix,
and  is the porosity of the porous material.
2.2.1.3

Heat transfer in porous media
Conduction is the transfer of heat within a solid body in the presence of a

temperature gradient. Convection is a mode of heat transfer in fluid through advection or
diffusion or a combination of both. Thermal energy in a porous medium (consisting of
fluid and solid phases) can be transfered through both mechanisms of conduction and
convection. Considering the first law of thermodynamics for flow through a porous
medium, it can be assumed that heat conductions in the solid and fluid phases occur in
parallel so that there is no net heat transfer from one phase to the other (Nield and Bejan
2006). The following equation is used as the mathematical model for heat transfer in
porous media:

(ρ𝑓 c𝑓 )

𝜕𝑇
+ ρc𝑝 𝑈 · ∇𝑇 = ∇ · (ℎ𝑒𝑞 ∇𝑇) + 𝑄
𝑒𝑞 𝜕𝑡

where c𝑓 is the fluid heat capacity at constant pressure, (ρ𝑓 c𝑓 )

(2.5)

𝑒𝑞

is the equivalent

volumetric heat capacity at constant pressure, ℎ𝑒𝑞 is the equivalent thermal conductivity
(a scalar or a tensor if the thermal conductivities are anisotropic), 𝑈 is the Darcy velocity
defined as the volume flow rate per unit cross-sectional area and 𝑄 is the heat source (or
sink).
The equivalent thermal conductivity of the solid-fluid system is related to the
solid conductivity, ℎ𝑠 , and to the fluid conductivity, ℎ𝑓 , by:
13

(2.6)

ℎ𝑒𝑞 = θ𝑠 ℎ𝑠 + θ𝑓 ℎ𝑓

where θ𝑠 is the solid volume fraction and is related to the fluid volume fraction, θ𝑓 , by:
(2.7)

θ𝑠 + θ𝑓 = 1
The equivalent volumetric heat capacity of the solid-fluid system is calculated by:

(𝜌𝑐𝑝 )𝑒𝑞 = θ𝑠 𝜌𝑠 𝑐𝑠 + θ𝑓 𝜌𝑓 𝑐𝑓

(2.8)

where 𝑐𝑠 is the is the solid heat capacity at constant pressure. Depending on the thermal
expansion capacity and modulus of heat capacity, thermal stresses due to volume changes
will be induced by changes in temperature. So the total stress in this system is a
combination of thermal and mechanical stresses. In elastic materials, it can be expressed
as:

(2.9)

𝜎 − 𝜎0 = 𝐷[𝜀 − 𝛼𝑡 𝐾(𝑇 − 𝑇0 )𝐼]

where 𝛼𝑡 is the thermal expansion coefficient, 𝐷 is the elasticity matrix, and 𝐾 is the
drained bulk modulus.
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2.2.2

Coupling Thermo-Hydro-Mechanical Interactions
Numerical simulations of CO2 injection were carried out by coupling

geomechanics with flow and heat process. As demonstrated in Fig. 2.3, the amount of
stresses and strains in the injection zone link with the temperature and flow of the fluid.
On the other hand, mechanics (i.e., strain and stress) can affect hydrologic response via
changing permeability and porosity. Also, the excess stresses generated by changes in
temperature cause thermal cracking or failure in the reservoir rock. Fluid viscosity will
also be affected by temperature variations (NETL 2013). There are different methods for
coupling fluid flow and geomechanical processes including full coupling, one-way
coupling, explicit coupling and iterative coupling (Dean et al., 2006). In this study a fully
coupled model was developed in COMSOL, and all thermal, mechanical, and single flow
equations were solved simultaneously in a coupled fashion.

Convective heat transfer
Permeability

Thermal stress

Flow

Geomechanics

Thermal
Thermal
Expansion Coeff

Fluid Pressure

Fluid viscosity

Figure 2.3

Coupled Thermo-Hydro-Mechanical (THM) processes of CO2 injection
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2.2.3

Geometry and Input Parameters
Fig. 2.4 shows the model geometry that was used in simulations. The model is a

square of 2 km by 2 km. There is a 1-km long pre-existing fault starting from the depth of
1,000 m going down with an 80º inclination to the horizon. The fault is introduced in the
model by a finite-thickness element (10-m wide) using solid elements with no shear
offset. Cappa and Rutqvist (2011a) investigated different techniques for numerical
modeling of fault zones and showed that a finite-thickness element and isotropic
plasticity can appropriately model the fault behavior. The model consists of five
horizontal layers including two aquifers, caprocks and a reservoir. It is assumed that the
water table is at the ground surface. To keep the focus of the parametric study on one
variable in each model, possible interactions between variables (e.g., between porosity
and permeability) were not considered. That is, only one parameter was varied as the
other parameters were kept constant in each parametric analysis. However, it is noted that
permeability can be affected by changes in porosity and the relationship between
permeability-porosity is a function of various parameters including pore channel
characteristics, precipitation process, and injection rate and flow field. (e.g., Castelletto et
al. 2013a, Giorgis et al. 2007).
As shown in Fig. 2.5, the finite element mesh was generated using free triangular
meshing. An overall mesh size of medium was used for the model and the mesh size was
locally refined around the fault as well as adjacent to the injection zone. Maximum
element size was 134 m and the minimum size was 0.6 m around the fault.
Properties of different layers as used in the model are given in Table 1. The
material properties were selected based on those used for similar simulations of
16

geological carbon sequestration projects in the literature (e.g., Cappa and Rutqvist 2011,
Mazzoldi et al. 2012, Rinaldi et al. 2014). CO2 injection was molded by a point source
with injection rate of 0.02 kgs−1m−1 at the depth of 1,500 m. The mechanical boundaries
were fixed at the bottom where only the horizontal movement was restrained for the left
and right boundaries. All the boundaries were assigned no-flow condition. The thermal
boundaries were insulated and the initial temperature at the top boundary was 22.5 ºC and
it linearly increased versus depth with a thermal gradient of 0.05 °C/m. The CO2 was
injected with temperature of 45 °C (318 K) and was simulated as a heat flux at the
injection point. This inward heat flux is calculated using:
𝑞 = ℎ (𝑇𝑒𝑥𝑡 − 𝑇)

(2.10)

where q is the heat flux, h is the heat transfer coefficient, 𝑇𝑒𝑥𝑡 is the external temperature.
The model runs for both steady-state and transient situations. The overburden rock (from
the ground surface to the depth of 500 m) was not included in the model and instead,
equivalent vertical and horizontal pressures were applied on the top and right boundaries,
respectively. Ratio of 0.7 was used to calculate initial horizontal stresses from the
corresponding vertical stresses.
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Table 2.1

Material properties

E
Ø′
s

(GPa)
(deg.) (kg/m3)
Reservoir
10
0.25
1,280
Caprock
10
0.25
1,280
Upper
10
0.25
1,280
aquifer
Basal
10
0.25
1,280
aquifer
Fault
5
0.25
25
1,280
Material

1 Variable
1
0.01

k
(m2)
Variable
1× 10−19

h
(W/m/K)
2.63
2.63

1

0.1

1× 10−14

2.63

1

0.01

1× 10−16

2.63

1

0.2

1× 10−15

2.63





Aquifer

800m

Pre-existing
Fault

Injection
Point

80°

Figure 2.4

Caprock

150m

Reservoir

100m

Caprock

150m

Aquifer

800m

Model geometry used in numerical simulations
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Figure 2.5

2.3

Meshed model used in 2D FEM model

Effect of Geometrical and Geomechanical Properties
In this study, the effects of various reservoir properties on fault slip are evaluated.

Parametric studies were performed to investigate the event magnitude generated by
varying the following reservoir parameters: thickness, permeability, and porosity. For
comparison purposes, the pore pressure- time plots (Figs. 2.8, 2.11, and 2.14) are drawn
for Point A (see Fig. 2.4) which is located within the fault at the depth of 1,500 m and
500 m away horizontally from the injection point. This point was selected because the
maximum induced pore pressure along the fault was observed at this point. The uplift
profiles (Figs. 2.9, 2.12, 2.15) were constructed by connecting the computed vertical
displacements at points B, C, and D (see Fig. 2.4) along the left boundary of the model.
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Fault geometry and seismic moment can be defined by orientation of the fault,
direction of fault movement, and size of an earthquake. The seismic moment, Mo, is
related to fundamental parameters of the faulting process and is calculated by the
following equation (Hanks and Kanamori, 1979):
(2.11)

𝑀0 = 𝜂𝑑𝐴

where 𝜂 is the shear modulus of the faulted rock, d is the average displacement on the
fault surface, and A is the area of the fault-surface rupture. Finally, the magnitude (M)
can be calculated by the following equation (Wells and Coppersmith, 1994) by:
𝑀=

2
[log10 (𝑀0 ) − 9.1]
3

(2.12)

In the following sections, the results obtained from the numerical simulations will
be used to determine the fault response under different conditions. The fault slippage
obtained from the numerical simulations will be used along with Eqs. 2.11 and 2.12 to
estimate the magnitude of induced seismic events. For simplicity, it is assumed that the
fault is circular with a diameter of 1 km. Assuming a disk-shape fault in a plain strain
model may introduce some inaccuracies, but making such an assumption is required to
simulate a limited-length fault in the 2D model. This simplifying assumption can still
reasonably represent the actual condition and has been successfully used in several
similar coupled 2D models (e.g., Cappa and Rutqvist 2011b, Mazzoldi et al. 2012,
Rutqvist et al. 2013, and Rinaldi et al. 2014).
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2.3.1

Effect of Reservoir Thickness
Three different reservoir thicknesses were examined: L = 100, 150, and 200 m,

where L is the reservoir thickness. The injection point was kept constant at the depth of
1500 m and was assumed to be at the mid height of the reservoir in all the models. To
simulate different reservoir thicknesses, the upper and lower bounds of the reservoir were
changed symmetrically. For example, for the 150-m thick reservoir, the upper and lower
bound of the reservoir were placed at the depths of 1425 and 1575 m, respectively. Fig.
2.6 depicts the induced fluid pressure and vertical displacement distribution for the 100m thick reservoir with Tr = 280 days, where Tr is the time in which rupture occurs. The
maximum excess pore pressure developed near the injection point which is 70 MPa. As
shown in Fig. 2.6b the maximum vertical displacement is 0.7 cm appears at the top of the
injection point and the upper bound of the reservoir. Fig. 2.7 shows the fault slip along
depth for these three models. As it is shown in this figure, the largest event occurred in
the 100-m thick reservoir where the induced event reached the maximum magnitude of
2.37 after 280 days of injection (Tr = 280 days). The maximum magnitude of induced
event increases as the reservoir thickness decreases. The slip trend along the fault is
almost identical for all three cases except that the slip for reservoir with thickness of 200
m decreases below the depth of 1600 m whereas for other two cases there is a peak at the
depth of 1700 m. As the reservoir thickness increases, the time in which rupture occurs
increases. Tr was found to be 320 and 370 days for L = 150 and 200 m, respectively.
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Figure 2.6

a) Induced fluid pressure (𝑝𝑓 ) (Pa) propagation; b) Vertical displacement
(cm) distribution around the injection point for the 100-m thick reservoir
after 280 days of injection.

Fig. 2.8 illustrates the induced pore pressure versus time for the three reservoir
thicknesses. As it is seen, the induced overpressure buildup exhibits a low rate at the
beginning of injection but it accelerates as the injection period continues. The
overpressure reaches the highest value of 6.77 MPa on the 100-m thick reservoir. In other
words, while in small reservoirs much of the load induced by injection is carried by the
overburden; thicker reservoirs do not transfer the induced stress into the overburden. Thin
reservoirs have higher probability of failure than extensive reservoirs.
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Figure 2.7

Fault slip along depth for different reservoir thicknesses. Tr is the time
when rupture

Figure 2.8

Induced fluid pressure (pf) at Point A versus time for different reservoir
thicknesses
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Figure 2.9

Uplift profile for different reservoir thicknesses (section along Points B, C
and D)

As mentioned earlier, increasing pore pressures and decreasing effective stresses
will lead to the expansion of the reservoir. The vertical expansion of the reservoir can
migrate to the ground surface inducing a vertical displacement. Moreover, the
overpressure occurring within an injected unit produces a strain field that may propagate
up to the surface ground level (Rutqvist, 2012). Depending upon the vulnerability of
structures standing on the ground surface and the environment, uplift may cause
significant damages due to differential displacements (e.g., Castelletto et. al. 2013b).
Uplift profiles for three different reservoir thicknesses are plotted in Fig. 2.9. The uplift is
provided at the time when rupture occurs. As shown, the uplift was very small for all
three cases. The thinnest reservoir (L = 100 m) shows the largest uplift and the uplift
magnitude decreases as the reservoir thickness increases. The maximum uplift for the
150-m and 200-m thick reservoirs is almost the same (0.712 cm versus 0.714 cm),
whereas it slightly increases to 0.78 cm for the 100-m thick reservoir. The amount of
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uplift correlates with the volume of CO2 injected. That is, CO2 injection in a reservoir
with higher capacity will induce lower uplift.
2.3.2

Effect of Permeability
Reservoir permeability can control the amount and generation rate of pore

pressures induced due to CO2 injection. Three different values of reservoir permeability
were examined: kr = 10-14, 10-13, and 10-12 m2, where kr is the reservoir permeability. Fig.
2.10 depicts slip along the fault for the three models. In the reservoir with kr = 10-14 m2,
the rupture occurs after 1,400 days of injection and it caused a 3.2 magnitude event. The
fault slip and the magnitude of induced event noticeably decrease in higher permeable
reservoirs. For the models with kr = 10-13 and 10-12 m2, the magnitudes were 2.37 and 2.2,
occurred after 280 and 110 days of injection, respectively. The slip trend for all three
cases is almost the same.
Fig. 2.11 shows pore pressure versus time for the three reservoir permeability
values which were examined. As shown, a larger overpressure of 14.5 MPa was
developed in the reservoir with kr = 10-14 m2 comparing to the 6.7 MPa and 3.5 MPa
generated in the reservoirs with kr = 10-13 and kr = 10-12 m2, respectively. At the beginning
of injection, the induced pore pressure rate in the reservoir with kr = 10-14 m2 is lower for
an injection period of 700 days but after that it started to increase exponentially. The
same trend can be observed for the reservoirs with kr = 10-13 and kr = 10-12 m2, although
the stable part which excess pore pressure rate is lower is smaller for kr = 10-13 and is
almost negligible for the highest permeable reservoir (kr = 10-12 m2). As expected, as the
reservoir permeability decreases higher pore pressures will be generated. The results
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shown in this figure support the conclusion that a more highly permeable reservoir can
decrease the potential of fault reactivation.

Figure 2.10

Fault slip along depth for different reservoir permeability values

Figure 2.11

Induced fluid pressure (pf) at Point A versus time for different reservoir
permeability values
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Figure 2.12

Uplift for different reservoir permeability values (section along Points B, C
and D)

Fig. 2.12 illustrates uplift values for the three different permeability values for the
time when rupture occurred. Due to the large induced overpressure in the reservoir with
largest reservoir permeability (kr = 10-12 m2), a 4.3 cm uplift is occurred above the
reservoir. The maximum uplift in the lowest permeable reservoir is almost 1/70 (0.06 cm)
times of that in the highest permeable reservoir.
2.3.3

Effect of Reservoir Porosity
In this study, three porosity values of  = 0.1, 0.15, and 0.2 were examined. As it

is illustrated in Fig. 2.13, the maximum magnitudes of the induced earthquakes are 2.27,
2.25 and 2.24 for the low (i.e., φ = 0.1), medium (i.e., φ = 0.15) and high porosity (i.e., φ
= 0.2) reservoir respectively. Time rupture increased from 270 days for the reservoir with
φ = 0.1 to 340 days for the reservoir with  = 0.2. Overall, the magnitudes and the
amount of slip are relatively close for the examined reservoir porosities.
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Figure 2.13

Fault slip along depth for different reservoir porosities

Figure 2.14

Induced fluid pressure (pf) at Point A versus time for different reservoir
porosities

The induced pore pressure increments versus time are shown in Fig. 2.14. As
expected, a reservoir with lower porosity will lead to generation of higher pore pressure
which is due to the ability of the reservoir rock to dissipate the excess pore pressure. The
trend of pore pressure generation is very similar in all the cases. As shown in Fig. 2.15,
the uplift was very small and almost identical for all the three cases and the largest uplift
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of 0.66 cm was observed in the reservoir with the lowest porosity ( = 0.1). It can be
concluded that the effect of reservoir porosity on the results was negligible.

Figure 2.15

2.3.4

Uplift profile for different reservoir porosities (section along Points B, C
and D)

Effect of Thermal Interactions
To investigate the impact of thermal stresses on the results, two sets of simulation

were performed; with and without including the heat flux. In general, it was seen that for
the given model geometry and injection characteristics, the heat flux never reached the
fault by the time that the fault slip occurred. Consequently, the results didn’t change
noticeably by including the heat flux. For example, Fig. 2.16 shows the total heat flux
contours for the reference model (reservoir thickness = 100 m, reservoir permeability =
10-13 m2) where the fault slip occurred after 280 days of injection. The heat flux had a
limited propagation and did not reach the fault after 280 days. This finding is consistent
with the observation by Rinaldi et al. (2014) that the applied thermal stress may induce
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insignificant deformation but it doesn’t affect fault slip for short periods of time. Further
studies are needed to investigate whether or not thermal stresses induced by CO2
injection can have significant impact over longer periods of injection (e.g., 10 years or
longer).

Figure 2.16

Total heat flux magnitude (w/m2) for the base model (kr = 10-13 m2, L =
100 m) after 280 days of injection
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CHAPTER III
MULTI-SCALE SIMULATION OF THERMAL PRESSURIZATION OF FAULT
FLUID UNDER CO2 INJECTION FOR STORAGE
AND UTILIZATION PURPOSES
This chapter has been submitted as a paper to a peer-reviewed journal. At the time
of writing of this dissertation, the paper is in peer review.
3.1

Introduction
There are many unanswered questions regarding the potential for induced

seismicity associated with CO2 injection for storage purposes, primarily due to lack of
large-scale injection experience and some unique characteristics of Carbon Capture and
Storage (CCS) operations (NRC 2013). When CO2 is injected, the pore pressure in the
reservoir increases and the effective stress decreases. The changes in effective stress and
pore pressure cause expansion in the reservoir leading to deformation of the reservoir and
overburden (Harjes, 1997). This phenomenon may threaten the storage integrity of the
reservoir by creating new fractures and/or reactivating existing faults (e.g., Rutqvist
2012). In the presence of an existing fault combined with favorable injection
characteristics, fault slip might occur which can increase the risk of leakage and induced
seismicity (Bachu 2008, NRC 2013).
Once fault slip initiates, two mechanisms with opposite impacts compete to
control the magnitude and rate of slip (Segal and Bradly 2012). On one hand, shear35

induced dilatancy of the fault core tends to increase the fault permeability helping the
fault zone to be increasingly drained and consequently, to decrease the fluid pressure. On
the other hand, if the fault slip occurs fast enough, it becomes harder for the fluid flow to
keep up with dilatancy. Consequently, frictional heating is generated leading to heatinginduced weakening mechanisms which increase the fault fluid pressure and decrease
frictional resistance within the fault shear zone (Rice 2006, Segal and Bradly 2012). An
earthquake occurs if the thermal weakening process during the fault’s early slip takes
over the shear-induced dilatancy due to the release of tectonic stress driving the fault
motion (Wibberley and Shimamoto 2005).
While seismic imaging techniques can detect major faults and some fractures,
they cannot locate smaller faults and potential leakage pathways such as blind faults,
whose lengths are small comparing to the reservoir thickness (Mazzoldi et al., 2012;
Mortezaei and Vahedifard 2015). So, CO2 can possibly be injected in the vicinity of such
minor or blind faults. Further, several CCS operations have been recently conducted in
faulted areas (e.g., Castelletto et. al. 2013; Teatini et. al. 2014). There is very limited, if
any, information on the impact of thermal weakening on the response of fault shear zone
during CO2 injection in the vicinity of a stressed fault.
3.2

Thermal-Induced Fault Weakening During Fault Slip
Two thermal weakening mechanisms, referred to as flash heating and thermal

pressurization (TP), can weaken the fault and decrease frictional resistance along the fault
(Rice 2006). Flash heating occurs in rapid slips and mostly depends on the slip rate (Rice
2006). This mechanism deals with highly stressed micro-scale contacts during slip and
decreases the fault friction coefficient. The real contact area (i.e., slip surface) is the sum
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of contact areas of all the asperities which is a small fraction of the macroscopic contact
area. Since the stress supported by the asperities is larger than the stress carried by the
fault surface, sliding leads to a large heat production and weakening of the contact (Rice
1999; Tullis & Goldsby 2003; Prakash 2004; Rice 2006; Beeler et al. 2008; Saber et al.
2015).
Frictional heating generated during slip can lead to another heat-induced fault
weakening mechanism referred to as thermal pressurization (Sibson 1973; Lachenbruch
1980; Rice 2006). When shear sliding happens, the fault fluid expands in volume much
more than the surrounding rock. This is due to the thermal expansion coefficient of the
fluid being greater than the shear-induced dilatancy of the rock matrix. Consequently,
frictional heating increases pore pressure which decreases the effective normal stress and
the coefficient of friction and thus, reduces fault strength (Sibson 1973; Lachenbruch
1980; Carter et al. 1981; Mase & Smith 1987; Bizzarri & Cocco 2006; Rice 2006).
Sibson (2003) studied the importance of the structure and thickness of the slipping
zone as well as the role of frictional heating to induce partial melting of fault gouge. He
stated that temperature changes can reach to 1000°C or so under adiabatic conditions and
may cause melting of most crustal rocks with one meter slip in a slip zone of few
millimeters thick. Mase and Smith (1987) pointed out that the fault response depends on
the relative magnitude of two time scales: slip duration and thermal pressurization time.
Moreover, the mechanical response of the fault is controlled by the width of the fault and
hydraulic characteristics of the fault zone and adjacent medium (Mase and Smith, 1987).
Generally, the evolution of pore fluid pressure influences both slip behavior and
the coefficient of friction. Some studies have only considered the fluid pressure changes
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on the slip behavior by assuming a constant frictional coefficient (Lachenbruch 1980;
Rice 2006) whereas other studies incorporated both changes into their models (Andrews
2002; Bizzarri & Cocco 2006; Segall & Rice 2006). Andrews (2002) developed a onedimensional model coupling heat and fluid and calculated the pore pressure increase due
to frictional heating in a dynamic rupture. He used a linear integral equation for
calculating pressure changes in a three-dimensional fault model governed by a timeweakening friction law. Andrews (2002) ignored the advective term, assumed friction
and hydraulic diffusivity to be constant and the porosity to obey Biot’s theory. Bizzarri
and Cocco (2006) investigated the role of TP on propagation of a three-dimensional crack
on a planar fault by evolution of the effective normal stress. They considered changes in
normal stress in terms of fault friction and in the case of rate- and state-dependent laws.
Rice (2006) derived analytical expressions for TP assuming a constant frictional
coefficient. He considered two cases and proposed an analytical solution for each case. In
one case he assumed the shear zone to be infinitely small (i.e., slip on a plane), and for
the second case he assumed a long slip distance implying an adiabatic undrained solution.
Miller (2002) used a simple constitutive law with two levels of friction with no thermal
effect and studied the influence of fluids on earthquake and faulting. Noda et al. (2009)
implemented rate‐state friction and TP of pore fluid into a spectral boundary integral
equation code for elastodynamic rupture propagation, and found good agreement between
the model and natural earthquakes.
3.3

Objective and Scope
The main objective of this study is to quantify the impact of TP on the response of

the shear zone of a stressed fault which is triggered by CO2 injection. The problem
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imposes a multi-physics multi-scale system. That is, CO2 injection occurs in a multikilometre reservoir-scale domain whereas TP happens in the shear zone of the fault
which is very narrow (e.g., a few milometers). Consequently, we employed a multi-scale
modelling approach to properly simulate CO2 injection in the reservoir as well as TP in
the fault shear zone. As schematically demonstrated in Fig. 3.1, a large-scale model (Fig.
3.1, left) is used to simulate CO2 injection in the reservoir, and a small-scale model (Fig.
3.1, right) is then used to simulate the fault slipping zone. We adopted a 2-D
poroelasticity model to numerically simulate stress changes and fault slip due to CO2
injection into the reservoir. We assumed that there is a limited-dimension fault at the site
and it is critically oriented with a normal faulting stress regime. Once the slip due to CO2
injection initiated in the stressed fault, the injection was ceased and the induced stresses
and pore pressures computed from the large-scale model were passed to the small-scale
model as initial conditions to examine the impact of TP. Moreover, comparative studies
were performed between two sets of models for each parameter of interest: one set
without TP and the second set with TP. For the model including the TP effect, a simple
TP constitutive law developed by Andrews (2002) was implemented to couple pore
pressure changes with temperature rise due to frictional heating. Further, parametric
studies were performed to investigate the effects of hydraulic diffusivity, slipping zone
thickness, slip velocity, and injection rate on pore pressure, temperature and fracture
energy.
It should be noted that in this study TP was investigated in coseismic period in
which the slip exceeds a threshold velocity. Similar approaches have been used in other
TP studies (e.g., Andrews 2002; Rempel & Rice 2006). Thermal pressurization can be
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analyzed in two phases: earthquake nucleation and high slip rate. The study of the
interaction between TP and rate‐ and state‐dependent friction through entire earthquake
from nucleation to ceasing stage is still an open issue. While some studies (e.g.,
Kanamori and Heaton, 2000; Andrews 2002) indicate that TP is significant during the
coseismic period of major earthquakes, recent considerations suggest that TP has a
substantial contribution to earthquake nucleation as well (Segall & Rice 2006; Schmitt et.
al. 2011).

Figure 3.1

3.4

Schematic representation of multi-scale model used in this study

Governing Equations for Thermal Pressurization
This section briefly presents the constitutive equations which were used to

simulate TP in this study. The TP model deals with shear heating, pore pressure change
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and friction coefficient evolution. Due to space limitation, we do not present the
governing equations of the poroelasticity theory but they can be found in the literature
(e.g., Mortezaei & Vahedifard 2015).
3.4.1

Frictional heating
Temperature variation is controlled by the effects of shear heating and heat

diffusion. Based on the energy conservation law and the Fourier law, the temperature
change is given by:
𝜌𝑏𝑢𝑙𝑘 𝐶𝑏𝑢𝑙𝑘

𝜕𝑇
𝜕 2𝑇
= 𝜏𝑓 𝑌 + 𝑘 2
𝜕𝑡
𝜕𝑦

(3.1)

where 𝜌𝑏𝑢𝑙𝑘 is the density of bulk composite, 𝐶𝑏𝑢𝑙𝑘 is the specific heat of the bulk
composite at constant pressure, T is the temperature, t is time, x is the spatial coordinate
normal to the fault, k is the thermal conductivity, 𝑌 = 𝑣/𝑤 is the shear strain rate, where
w is the slip zone width and v is the dislocation rate, 𝜏𝑓 is the shear strength which can be
expressed by the effective stress law:
(3.2)

𝜏𝑓 = 𝑓(𝜎𝑛 − 𝑃)

where 𝜎𝑛 is normal stress, P is pore pressure and 𝑓 is frictional angle. Here we assumed
that all the work incorporated in shearing is converted to heat and the portion of energy
required to reform gouge separated fragments is ignored. The temperature change can be
rewritten as,
𝜏𝑓 𝑣
𝜕𝑇
𝜕 2𝑇
=
+ 𝑐𝑡ℎ 2
𝜕𝑡 𝜌𝑏𝑢𝑙𝑘 𝐶𝑏𝑢𝑙𝑘 𝑤
𝜕𝑦

(3.3)
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𝑐𝑡ℎ =

𝑘
𝜌𝑏𝑢𝑙𝑘 𝐶𝑏𝑢𝑙𝑘

(3.4)

where 𝑐𝑡ℎ is thermal diffusivity, other parameters were introduced previously.
3.4.2

Thermal pressurization model
Generally, the following factors affect the pore pressure during slip: 1) shear

heating, 2) porosity change, 3) heat flow, 4) fluid flow and 5) dehydration reaction
(Ghabezloo & Sulem, 2009). In this study, we ignore the dehydration reaction factor as
well as porosity changes and only consider temperature variations caused by frictional
heating, the porosity changes and fluid transport. Such an assumption is consistent with
that used in similar TP simulations (e.g., Andrews 2002; Bizzarri & Cocco 2006; Rice
2006). It is assumed that fluid flow is one dimensional (hereafter defined as the ydirection) and is perpendicular to the fault axis (defined as the x-direction). This
assumption can be justified considering the small diffusion distance as well as small
variations in properties and forces in the direction perpendicular to the fault compared to
the parallel direction (e.g., Andrews 2002; Bizzarri & Cocco 2006; Rice & Cocco 2007;
Segall & Rice 2006).
Based on Darcy’s law, the one dimensional fluid flow can be expressed as:
𝑞=

−𝐾 𝜕𝑝
𝜇 𝜕𝑦

(3.5)

where K is the permeability, 𝜇 is the dynamic viscosity of the fluid, and

𝜕𝑝
𝜕𝑥

is the fluid

pressure gradient perpendicular to the fault. Based on the mass conversation law,
changing the rate of fluid mass per unit volume of solid is given by:
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𝜕𝑚 𝜕
+
(𝜌 𝑞) = 0
𝜕𝑡 𝜕𝑦 𝑓

(3.6)

where 𝜌𝑓 is the fluid density. Since 𝑚 = 𝜌𝑓 ∅ where ∅ is the porosity, we can write:
𝜕𝜌𝑓
𝜕𝑚
𝜕∅
= 𝜌𝑓
+∅
𝜕𝑡
𝜕𝑡
𝜕𝑡

(3.7)

By combining Eq. 3.5 through 3.7, we have:
𝜌𝑓

𝜕𝜌𝑓
𝐾𝜌𝑓 𝜕 2 𝑃
𝜕∅
+∅
=−
𝜕𝑡
𝜕𝑡
𝜇 𝜕𝑦 2

(3.8)

The change in the fluid density is defined in terms of pressure and temperature as:
1 𝜕𝜌
𝜕𝑃
𝜕𝑇
= 𝛽𝑓
− 𝛼𝑓
𝜌 𝜕𝑡
𝜕𝑡
𝜕𝑡

(3.9)

where 𝛽𝑓 is fluid compressibility and 𝛼𝑓 is fluid expansivity. Change of porosity is written
as:
𝜕∅
𝜕𝑃
𝜕𝑇
= (𝛽𝑏 − 𝛽𝑠 − ∅𝛽𝑠 )
+ ∅𝛼𝑠
𝜕𝑡
𝜕𝑡
𝜕𝑡

(3.10)

where b is bulk compressibility, s is solid compressibility, s is expansivity of solid. We
define  and as follows:
𝛼 = 𝛼𝑓 − 𝛼𝑠

(3.11)

𝛽 = 𝛽𝑓 − 𝛽𝑠 + (𝛽𝑏 − 𝛽𝑠 )/∅

(3.12)

Combining Eq. 3.8 to 3.12 yields:
(3.13)

𝜕𝑃 𝛼 𝜕𝑇
1 𝜕∅
𝜕2𝑃
=
−
+𝜔 2
𝜕𝑡 𝛽 𝜕𝑡 𝛽∅ 𝜕𝑡
𝜕𝑦

where 𝜔 is the hydraulic diffusivity and is defined as:
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𝜔=

𝐾
𝜇𝛽∅

(3.14)

Here we assume that porosity is constant in time. So, the coupled equations can be
summarized as:
(3.15)

𝜕𝑃 𝛼 𝜕𝑇
𝜕2𝑃
=
+𝜔 2
𝜕𝑡 𝛽 𝜕𝑡
𝜕𝑦
𝜏𝑓 𝑣
𝜕𝑇
𝜕2𝑇
=
+ 𝑐𝑡ℎ 2
𝜕𝑡 𝜌𝑏𝑢𝑙𝑘 𝐶𝑏𝑢𝑙𝑘 𝑤
𝜕𝑦

(3.16)

In addition to fluid pressure and temperature changes, it is prudent to monitor the
energy released during the slip. The elastic strain energy released during an earthquake
can be divided into radiated energy, heat and the fracture energy which expand the
rupture area to be expanded (Tinti et. al. 2005). Earthquake energy balance can be
defined by quantifying each of the aforementioned energies. The evaluation of the
fracture energy at a specific point relies on knowledge of the relationship between stress t
versus coseismic slip . According to Palmer and Rice (1973) and Abercrombie and Rice
(2005), the fracture energy is defined as below:
𝛿

(3.17)

𝐺(𝛿) = ∫ [𝜏(𝛿 ′ ) − 𝜏(𝛿)] 𝑑𝛿 ′
0

where tis shear stress as a function of slip . Note that v is constant and  is just a
proxy for vt. Since we assumed all the energy released during earthquake slip is
transformed into sensible heat, the fracture energy can be rewritten as:
G = 𝜌𝑏𝑢𝑙𝑘 𝐶𝑏𝑢𝑙𝑘 w (T – T0) - t

(3.18)

where bulkCbulk is the specific heat of the bulk composite.
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3.5

Numerical Model
In this section, we first introduce the geometry, boundary conditions, and

properties of the large-scale model which was used to simulate CO2 injection in the
reservoir with a pre-existing fault. The properties of small-scale model of the fault shear
zone are then introduced.
For the large-scale model (Fig. 3.2), the simulation of CO2 injection in the
reservoir is carried out by solving a poroelasticity model in COMSOL Multiphysics
software. A similar model was developed by Mortezaei and Vahedifard (2015) for
estimating the geomechanical response of the reservoir and fault during CO2 injection
over a long period of time. For completeness, the large-scale model is briefly introduced
here and the interested readers are referred to Mortezaei and Vahedifard (2015) for
further details. The model is a single-phase flow and it is assumed that the porous
medium is already saturated with supercritical CO2. It is shown that the single phase flow
model can reasonably be used for numerical modeling purposes when large-scale
geomechanical changes and fault reactivation are concerned (e.g., Chiaramonte et al.,
2011). The model includes a 1 km long fault with an inclination of 80º. This fault is
critically oriented in a normal faulting stress regime. The fault is modeled as a finitethickness element (10-m wide) using solid elements with no shear offset. The overburden
rock (from the ground surface to the depth of 500 m) was not included in the model and
instead, equivalent vertical and horizontal pressures were applied on the top and right
boundaries, respectively. The ratio of initial horizontal to vertical stress was assumed to
be 0.7. This ratio can reasonably represent a critically stressed normal faulting regime
(Mazzoldi et al. 2012). CO2 is injected as a point source in a 100 m-thick storage
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formation at the depth of 1500 m. The injection point is placed 500 m away from the
fault. The storage formation is confined by low-permeability caprock formations. The
caprock layers have a thickness of 150 m. It is assumed that the water table is at the
ground surface. All the boundaries are no flow. The mechanical boundary conditions are
fixed at the bottom and no displacement perpendicular to the left and right boundaries.
The finite element mesh was generated using free triangular meshing. An overall mesh
size of medium was used for the model and the mesh size was locally refined around the
fault as well as adjacent to the injection zone. Maximum element size was 134 m and the
minimum size was 0.6 m around the fault. Properties of different layers used in the largescale model are reported in Table 3.1.
As shown in Fig. 3.1, the small-scale model represents a thin fault shear zone
within the fault core of 5 cm thick. Two sets of small-scale models, one without TP and
one with TP, were analyzed for each parameter of interest. For the models with the TP
effect, the TP constitutive model developed by Andrews (2002) was incorporated in
COMSOL’s PDE interface. The TP constitutive model accounts for the interaction
between temperature rise and pore pressure as a result of TP. Specifically, the frictional
heat due to slip is continuously generated within the shear zone and acts as a heat source
for the heat equation (Eq. 3.13). Then, the pore pressure field is updated at each time step
using Eq. 3.12 and the temperature field obtained from the previous step. This study does
not include advective temperature change which is shown to be a reasonable assumption
for permeability values less than 10-16 m2 (e.g., Lachenbruch 1980; Mase & Smith 1987;
Noda et al. 2009).
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Table 3.2 shows input parameters which were used in the small-scale model. The
fault properties such as porosity and permeability as well as the geometry of the fault
shearing zone were selected based on those reported in Bizzarri & Cocco (2006) and Rice
(2006). The fluid parameters such as compressibility, density, and dynamic viscosity
were selected based on those reported for supercritical CO2 in the literature (e.g., Law &
Bachu 1996; Span & Wagner 1996; Vilarrasa et al. 2010; Burke 2011). The material is
considered to be homogeneous and isotropic and its properties are constant during time.

Figure 3.2

Model geometry used in large-scale numerical simulations

Initial stresses (shear and normal) and pore pressure in the small-scale model were
imported from those computed by the large-scale model at the center of fault and when
the fault slip initiates. In terms of mechanical boundary conditions, as shown in Figure
3.2, the left and right boundaries of the small-scale model were to allow displacement
only in the vertical direction, while the top and bottom boundaries were not constrained.
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Prescribed displacements, depending upon the designated slip velocity, were applied to
the top-left and bottom-right corners of the model. The finite element mesh was
generated using free triangular meshing. An overall mesh size of fine was used for the
small-scale model and the mesh size was locally refined around the fault shear zone as
well as adjacent. The model includes a total of 1274 elements with 0.212 cm and 0.0012
cm as the maximum and minimum element size, respectively.
Table 3.1
Material
Reservoir
Caprock
Upper aquifer
Basal aquifer
Fault

Table 3.2

Material properties used in the large-scale model
E
(GPa)

10
10
10
10
5



𝜌𝑏𝑢𝑙𝑘 (kg/m3)



∅

0.25
0.25
0.25
0.25
0.25

2700
2700
2700
2700
2700

1
1
1
1
1

0.1
0.01
0.1
0.01
0.2

K
(m2)

1× 10−15
1× 10−19
1× 10−14
1× 10−16
1× 10−17

Fluid and fault properties used in small-scale model

Material
Permeability (base)
Porosity
Thermal expansivity of the
fluid
Fluid compressibility
Dynamic viscosity of the fluid
Fluid density
Density of bulk composite
Thermal conductivity
Dynamic fictional coefficient
Young’s modulus
Poisson’s ratio
Initial temperature

Symbol
K
∅

Value
10-19
0.025

Unit
m2
1

𝛼𝑓

2.5×10-3

K-1

𝛽𝑓
µ
𝜌𝑓

1.2×10-4
2×10-5
600
2700
1.35
0.5
10
0.25
50

Pa-1
Pa s
Kg m-3
Kg m-3
J m−1 s−1 K−1
1
GPa
o
C

𝜌𝑏𝑢𝑙𝑘
k
f
5



T0
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3.6

Results and Discussion
Previous investigations (e.g., Andrews 2002; Noda and Shimamoto 2005;

Wibberley & Shimamoto 2005) show that several factors such as the slip rate, the depth
and the width of the shear zone can influence the TP mechanism. The rate of frictional
heating and the rate of fluid pressure build-up are significantly affected by slip rate. The
hydraulic transport properties can be determined by the depth as well as the normal
stress. Rate of frictional heating and the rate of TP are controlled by the width of the slip
zone (Kurz et al. 2008).
Here we discuss the parametric study results for various values of hydraulic
diffusivity (ω), slip velocity (v), shear zone thickness (w) as well as injection rate. The
base model uses = 10-9 m2/s, v = 0.1 m/s, w = 1 mm, and injection rate of 0.02 Kg/s.m.
In each parametric study, only one parameter was varied and the rest of parameters were
kept constant. All parametric study figures show the results at the center of the slipping
zone.
3.6.1

Effects of injection rate
The injection rate of CO2 may vary from site to site. For example, at the In Salah

(Algeria) CO2 storage project, the injection happened at a rate of about 0.5–1.0 million
tons/year while the injection rate at Weyburn (Canada) CCS project was 2.7 million
tons/year (Hosa et al. 2010; Rinaldi et al. 2014). Here we examined three injection rates
of 0.02, 0.05, and 0.1 Kg/s.m in the large scale model which approximately correspond
to 1, 2.5, and 5 million tons/year per well, considering a 1000-m long horizontal well.
Based on the large-scale simulation results, the injection rate of 0.02 Kg/s.m
triggered the fault slip after 300 days of injection and caused an overpressure of 11.2
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MPa and normal stress of 19.6 MPa. However, fault slip occurred after 190 and 150 days
of injection for the injection rates of 0.05 Kg/s.m and 0.1 Kg/s.m, generating over
pressures of 12.8 and 15.2 MPa, respectively. Using the large-scale model results, Table
3.4 shows stresses (shear and normal) and pore pressure computed at the center of fault
and when the fault slip initiated for different injection rates. These values were used to
generate initial conditions in the small-scale model for each injection rate.
Table 3.3

Fluid and fault properties used in small-scale model

Injection rate

Injection period

Pore pressure

Normal stress

Shear Stress

(Kg/m.s)

(Days)

(MPa)

(MPa)

(MPa)

0.02

300

11.2

19.6

0.5

0.05

190

12.8

23

0.3

0.1

150

15.2

27

0

Figs. 3.3 to 6 illustrate results of the small scale-models obtained with different
injection rates. Fig. 3.3 depicts shear resistance and pore pressure evolutions considering
TP for the injection rate of 0.02 Kg/s.m. As shown, since the normal stress was assumed
to remain constant during TP, the strength will reduce to 0.02 MPa and pore pressure
approaches 19.6 MPa. Fig. 3.4 illustrates the comparison of pore pressure changes in the
model with and without TP for different injection rates. Black solid lines show the
results obtained from the model without TP whereas dashed lines represent results from
the coupled TP model. For each case, a comparison should be performed at the time
when the pore pressure reaches the residual state in the coupled TP model. The residual
state occurs when pore pressure approaches the normal stress (which was assumed to be
constant) and the shear strength becomes very low and ultimately gets to zero. Results
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shown in Fig. 3.4 indicate that in both sets of models the pore pressure build up increases
as the injection rate increases. In all models the time to reach the residual state is almost
identical for all the injection rates which were examined. Comparison of the two models
shows higher pore pressures were generated in the model with TP. By including the TP
effect, the pore pressure increases as much as 50%, 56%, and 58% for injection rates of
0.02, 0.05, and 0.1 Kg/s.m, respectively. Such behavior can also be observed in Fig. 3.5
for temperature evolution. The maximum temperature for the injection rate of 0.02
Kg/s.m is approximately 469 oC, whereas this value is about 639 oC for the injection rate
of 0.1 Kg/s.m.

Figure 3.3

Shear resistance and pore pressure versus time in the base model (w = 1
mm)
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Figure 3.4

Pore pressure versus time for different injection rates

Figure 3.5

Temperature versus time for different injection rates
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Figure 3.6

Fracture energy versus time for various injection rates

The evolution of fracture energy for various injection rates is shown in Fig. 3.6.
As illustrated, a higher injection rate results in higher G values. As time goes by, the
difference becomes greater thus the effect of injection rate becomes more obvious. At the
instability time (i.e., residual state), G value becomes 15.9 kJ/m2 for the injection rate of
0.1 Kg/s.m whereas it becomes 11.3 kJ/m2 for injection rate of 0.1 Kg/s.m.
3.6.2

Effects of shear zone thickness
Three different shear zone thicknesses were analyzed in the study: w = 0.5, 1

(base model) and 5 mm. Several field observations have shown that slipping takes place
within an extremely thin shear zone of 1 mm thick or less (Rice 2006). The shear zone is
embedded in a finely granulated fault core with thickness ranging from 10 mm to 10 cm
and that core itself lies within the damage zone of granulated rock having thickness of 1
to 10 m (Rice 2006).
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Figs. 3.7 to 9 shows results of the small scale-models obtained with different
shear zone thicknesses. As noted previously, initial stresses and pore pressure in the
small-scale models were imported form those attained from the corresponding large-scale
model (Table 3). Fig. 3.7 shows the comparative results of pore pressure development for
the three values of w in the model with and without TP. As shown, by decreasing w, pore
pressure at the center of the slipping zone increases in both models. However, higher pore
pressure builds up in the model considering TP. In other words, pore pressure in the TP
model developed as much as 57%, 51%, and 50% higher than in the model without TP
effect for w = 0.5, 1, and 2 mm, respectively. It can also be observed from Fig. 3.7 that
by decreasing w, the weakening rate increases leading to a shorter time to reach the
residual state. This time is varied from 0.21 to 1 s for w = 0.5 and w = 2 mm,
respectively. These results are in agreement with those reported by Wibberley &
Shimamoto (2005) showing that the variation in the shear zone thickness can lead to an
important heterogeneity in fluid pressure distribution along the fault, resulting in
variations in the degree and rate of slip weakening. Consequently, TP progression and
dynamic fault motion are affected as well.
Fig. 3.8 displays temperature versus time due to frictional heating at the center of
the fault. Generally, TP generates higher temperature for thinner slipping zones. The
maximum residual temperature is almost identical for all three cases and is equal to
470C. However, in the models with a thinner shear zone, the fault reaches the
maximum temperature in shorter periods of time. This can be explained by the fact that as
the shear zone thickens, heat is dissipated over a broader region which restricts the
maximum rises of the temperature and pore pressure. Additionally, a more localized
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shear is developed by reducing the thickness of the shear zone which causes the
temperature to increase in a shorter time.

Figure 3.7

Pore pressure versus time for different slipping zone thicknesses

Fig. 3.9 shows the fracture energy (G) as a function of time for different w values.
It can be seen that greater w leads to higher G values. The maximum fracture energy for
w = 0.5 mm is approximately 5.64 kJ/m2 at t = 0.21 s. However, due to a longer
instability time for w = 1 mm and w = 2, G becomes greater and is 11.2 and 22.6 kJ/m2 at
t = 44 s and t = 1 s, respectively.
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Figure 3.8

Temperature versus time for different slipping zone thicknesses

Figure 3.9

Fracture energy versus time for various shear zone thicknesses

3.6.3

Effects of slip velocity
Since this study aims to capture the response of a critically stressed fault during

the coseismic period, the fault slip velocity needs to be representative of high slip
velocity. Different velocity ranges have been used in the literature to define “fast” slip
velocity. For example, Heaton (1990) reports the average seismic slip rate (i.e., the ratio
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of slip to duration) ranges from 0.56 to 1.75 m/s whereas, Di Toro et al. (2004) defined a
high slip velocity to be in the range of 0.1-2 m/s. Several researchers (e.g., Andrews,
2002; Rice, 2006; Sulem et al. 2007) considered the velocity of 1 m/s for investigating
TP. In this study, three fault slip rates of 0.1 (base model), 0.5, and 1 m/s were examined.
It was assumed the slip rate remains constant during the event. Note that the slip rate
profile across the slipping zone is linear and is a function of time and position (v(y,t) =
vslip y/(0.5w)). Velocity of zero was assigned to the outside of this zone.
Fig. 3.10 shows pore pressure changes at different slip velocities (v), ranging from
0.1 to 1 m/s. It is evident from Fig. 3.10 that the instability time becomes shorter and the
fault is weakened faster for larger slip velocities. For v = 0.1 m/s, the residual state is
reached after 0.44 s whereas it becomes 0.08 and 0.05 s for the slip rates of 0.5 and 1 m/s,
respectively. For example, the pore pressure of the TP model at the instability time
increased by 173% by increasing v = 0.1 m/s to v = 1 m/s. These results can be explained
by considering the fact that a higher velocity generates higher frictional heat leading to a
shorter instability time and higher pore pressure. Further, all of the TP models led to
higher pore pressure levels than that in the model without TP. Considering the TP effect
in the model increased the pore pressure by 6.5, 6.7, 6.9 MPa for the slip velocities of 0.1,
0.2, and 1 m/s, respectively.
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Figure 3.10

Pore pressure versus time for different slip velocities

Figure 3.11

Temperature change versus time for different slip velocities

Temperature changes for different v values are illustrated in Fig. 3.11.
Temperature rise decreases by decreasing the slip velocity from 1 m/s to 0.1 m/s. For
instance, at t = 0.05 s, the temperature reaches to its maximum value of 470C in the
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model with v = 1 m/s, whereas it reaches 458C, and 258C in the models with v = 0.5
and v = 0.1 m/s, respectively.
The relation between G and time for all slip velocity values is presented in Fig.
3.12. The same trend can be seen for different slip velocities. Maximum G value of 11.2
kJ/m2 happened in a significantly shorter time in comparison to the other two slip rates.

Figure 3.12

3.6.4

Predicted fracture energy versus time for different slip velocities

Effects of hydraulic diffusivity
Hydrodynamic properties of faults can be defined in terms of hydraulic diffusivity

(𝜔), which is related to K and storage capacity per unit sample volume (𝛽𝑓 ). In the
current study, we investigated three different values of K = 10-19, 10-18 and 10-17 m2 which
correspond to ω = 10-9, 10-8 and 10-7 m2/s, respectively.
Fig. 3.13 presents the comparative results of pore pressure evolution for three
cases of ω for the models with and without TP effects. It can be seen that changing 𝜔
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does not have significant effects on pore pressure changes. This is due to the fact that the
compressibility of CO2 is much larger (one to two orders of magnitude) than that of water
and rock. The compressibility of supercritical CO2 varies from 1×10−2 to 1×10−8 Pa−1
whereas the water compressibility is of the order of 4.5×10−10 (Law & Bachu 1996; Span
& Wagner 1996). Thus, higher compressibility leads to lower hydraulic diffusivity. This
results in a very low ω value which causes a negligible impact on the pore pressure
development. However, comparison of two sets, with and without TP, shows that
accounting for TP will increase pore pressure by about 50%.

Figure 3.13

Pore pressure versus time for various hydraulic diffusivity values

For the same reason that was mentioned earlier, the range of hydraulic diffusivity
values which was examined was found to have insignificant impacts on temperature
changes and fracture energy (Figs. 3.14 and 3.15). For all cases, the maximum
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temperature raised to the value of 470C. The same holds true for fracture energy
evolution that reaches the value of 11.2 kJ/m2 for all three ω values.

Figure 3.14

Temperature versus time for various hydraulic diffusivity values

Figure 3.15

Predicted fracture energy versus time for various hydraulic diffusivity
values
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CHAPTER IV
INVESTIGATION OF POTENTIAL INDUCED SEISMICITY IN CO2
SEQUESTRATION PROJECTS USING RATE-ANDSTATE FRICTION THEORY
4.1

Introduction
Carbon emissions is the most important cintributor to the climate change and

warming. Global temperatures have risen about 0.85 degrees Celsius since the past
century causing some major issues: rising sea level, oceans becoming more acidic which
threaten the underwater life, more frequent and severe weather and more droughts are
happening (NRC 2012). At the Paris climate conference (COP21) in December 2015, the
world reached an agreement to reduce carbon dioxide (CO2) emissions and limit the
temperature increase well below 2°C. Carbon Capture and Storage (CCS) offers a
promising solution that can greatly reduce CO2 emissions from power plants and large
industrial sources. According to International Energy Agency (IEA), CCS contributes
one-sixth of CO2 emission reductions required in 2050 (IEA 2012). However, over the
past decade, induced seismicity due to high pressure fluid injection has been a point of
controversy for emerging energy geo-technologies such as unconventional hydrocarbon
reservoirs, enhanced geothermal systems, and carbon capture and storage (CCS) projects.
The magnitude of induced seismicity as a result of fluid injection is often low and
between -3 to 2 but in some cases lager magnitudes between 2 to 5 were observed
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(Shapiro and Dinske, 2009). For instance, the geothermal project at Basel, Switzerland
has been halted because of felt induced seismicity of 3.4, (Dannwolf and Ulmer, 2009).
Also in 2011, the largest 5.7 earthquake magnitude related to waste water injection
occurred in Oklahoma, USA (Keranen et al., 2013).
The role of pore pressurization within the fault zone is the main contribution to
injection-triggered seismicity. Injection and maintaining CO2 over years will cause the
pressurization of large areas within the reservoir (Birkholzer et al., 2015). This implies
seismic events in the parts of the earth’s crust that are close to failure (Zoback and
Harjes, 1997). This phenomena may be followed by caprock sealing performance,
permeability changes, and the potential for fault reactivation and sizeable seismic events
(e.g., Rutqvist 2012; Bachu 2008; NRC 2013). Although to reduce the induced seismicity
risk, the injections wells are attempted to be placed far away from the identical faults,
overpressure will eventually reach faults in the far field, affecting their stability (Streit
and Hillis, 2004).
4.2

Rate and State Friction
A full understanding of seismicity induced by fluid injection requires a conceptual

framework that includes aseismic slip, earthquake nucleation, dynamic earthquake
triggering, and post seismic conditions. Rate-and-state friction theory that focuses on
realistic behaviour of friction is able to capture the full earthquake rupture sequence.
Rate and state friction laws, have been developed to describe various aspects of
stable and unstable sliding between elastic solids such as fault slip [Ruina, 1983; Rice
and Ruina, 1983; Tullis and Weeks, 1986]. By incorporating experimental observations,
Rate-and-state friction theory associates the frictional shear strength to the slip rate and
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the evolving properties of the contact population. Contact evolving properties are
characterized by a state variable, or variables (Dieterich, 1979, 1981; Ruina, 1983, Rice,
1983; Rice and Ruina, 1983; Tullis and Weeks, 1986).
The Coulomb friction law (t= f) that has been widely used describes the friction
properties in a simple form. Friction can be either static or kinematic. However, static
friction is usually higher than the kinematic friction. The Coulomb law fails in describing
unstable friction phenomena such as fault stick-slip that involves the sequences of the
earthquakes. Therefore, other formulations such as rate-and stet friction law have been
developed to study unstable slip. However, they also use the general form of the
Coulomb friction except that the friction is no longer constant. Different equations were
proposed to simulate instable fault slip: velocity-dependent and slip-dependent laws. In
velocity-dependent laws (Scholz et al., 1972; Dieterich, 1978), the coefficient of friction
depends solely on the slip velocity. Thus, velocity weakening happens when slip velocity
increases, causing the fault to slip easier and reduce frictional resistance. Slip-dependent
law associates the frictional resistance only to the slip rate. This law allows the friction to
decrease with increasing slip until a certain amount of slip, which is called slipweakening distance. Consequently, coefficient of friction reaches steady state and
becomes constant (Palmer and Rice).
After growing more interests in frictional resistance and studying it in more
details, a rate-and-state friction law was introduced that has both the velocity-dependent
and slip-dependent features to simulate unstable-friction (Dieterich, 1979, 1981; Ruina,
1983).
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By coupling this theory along with hydro mechanical reactions of fault during
fluid injection, the limitations related to the quasi-static approach are removed and more
realistic behaviour of fault rupture and its frictional behaviour is considered (McClure &
Horne 2011; Cappa & Rutqvist 2011; Gischig 2015; Norbeck & Horne 2015). Gischig
(2015) measure the maximum possible earthquake magnitude caused by fluid injection
considering rate and state friction. He considered three different categories of rupture
behaviour: (1) uncontrolled rupture-front propagation, (2) pressure-controlled rupturefront propagation, and (3) aseismic slip. In the first case, earthquake magnitude is based
on fault properties. In the second case, the maximum magnitude can be controlled by
monitoring injection to confine the pressurized fault area. McClure & Horne (2011)
perform a numerical investigation of seismicity induced by injection into a single isolated
fracture. They used their model to couple fluid flow, rate and state friction, and
mechanical stress interaction between fracture elements. They investigated the effect of
shear-induced pore volume dilation and the rate and state characteristic length scale (dc)
on induced seismicity. They showed that a larger value of dc leads to aseismic slip. Cappa
and Rutqvist (2011) studied CO2‐injection‐ induced aseismic rupture along a fault zone
with frictional weakening model. Their simulation results show that the size of the
rupture area and the earthquake magnitude depends on initial horizontal‐to‐vertical stress
ratio and fault permeability. These parameters impact the size of the pressurized area as
well as the stress field. Norbeck & Horne (2015) studied the role of three physical
mechanisms on causing injection-triggered earthquake events by employing a rate-andstate friction framework: (1) fluid pressurization within the fault zone, (2) poroelasticallyinduced stress due to fluid leak off into the rock surrounding the fault, and (3)
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thermoelastically-induced stress due to cooling of the reservoir rock. They demonstrated
that depending on which physical mechanisms were active, each showed significantly
different seismicity behavior. By using slip-rate dependent friction, Urpi et.al. (2016)
modeled the CO2-injection-induced fault rupture focusing on the effects of including the
dependency of friction on slip-rate. They accounted for frictional heterogeneities to
identify and achieve safe versus unsafe conditions for injection and storage of CO2 in a
confined aquifer. They showed that velocity weakening generates seismic events with
larger magnitudes. Nucleation of rupture in a velocity strengthening section results in a
limited rupture extension, both in terms of maximum slip and rupture length.
4.3

Objective
The goal of this project is to develop a hydro-mechanical model using the finite

element method to study the behavior of fault during CO2 injection, considering rate-andstate friction theory. This theory enables us to understand the fault response during
aseismic slip, earthquake nucleation, and dynamic earthquake triggering. However, in
this study, only the mechanical part of the model including a normal fault stress regime
was constructed and further research is required to add the fluid part to simulate CO2
injection.
4.4

Governing Equations
When sliding occurs at a constant velocity, frictional resistance settles down to a

constant value. As schematically shown in Fig. 4.1. As a result of rapid jump in slip
velocity, friction also instantaneously jumps, with the same sign of the change. This is
called the direct velocity effect or positive direct effect. After the direct effect, the
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frictional response evolves, through a certain amount of slip, to a new value appropriate
for the new value of the slip velocity. The amount of slip necessary for the evolution is
called the characteristic slip distance.

Figure 4.1

Schematic depiction of frictional response for rate-and-state

According to this theory, the coefficient of friction is :
𝜇 = 𝑓0 + 𝑎𝑙𝑛

𝑣
𝜃𝑣0
+ 𝑏𝑙𝑛
𝑣0
𝑑𝑐

(4.1)

𝑑𝜃
𝜃𝑣
= 1−
𝑑𝑡
𝑑𝑐

(4.2)

where f0 is steady-state friction at v=v0, a and b are material properties and constants, v0 is
a reference velocity, θ is a state variable or the average contact time of asperities on the
fault, and dc is a characteristic weakening distance. The value of a-b dictates whether
there is velocity weakening or velocity strengthening behavior. When (a-b) > 0, fault
becomes stronger and aseismic event or creeping is observed. On the other hand, when
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(a-b) < 0 frictional coefficient drops over time and fault weakened leading to earthquake
event.
4.5

Mechanical modeling
In this study, the commercial software COMSOL was used for the mechanical

simulation of the fault. The Solid Mechanics built-in module as well as the distributed
ODEs interface were adopted to capture fault properties and implement rate-and-state
friction. The mechanical model is a square of 5 m by 5 m which includes a fraction of the
fault zone. It is assumed that the fault is in a normal stress regime. The right block (hangwall) is forced to slide due to the top boundary load, F, relative to the left boundary (footwall). For stability issues, linear springs are also connected between the top boundary of
the hanging wall and the ground (Fig. 4.2). The left boundary condition is constrained in
both vertical and horizontal displacement. The initial or static friction is assumed to be
0.6. The mechanical properties of the fault as well as the rate-and-state model friction
parameters are listed in Table. 4.1. The rate-and-state parameters were adopted from
Bizzarri & Cocco (2006). Initial stresses correspond to the overburden pressure at the
depth of 1.5 km. The initial horizontal stresses are obtained from h0.7v.
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Figure 4.2

Model geometry used in simulation

Table 4.1

Material properties

E (GPa)

10



0.25

F(GPa)

2

f0

0.6

a

0.012

b

0.016

V0(m/s)

0.01

dc (mm)

0.01

4.6

Results
Fig. 4.3 illustrates the velocity change with time in the middle of the fault. As

shown, the steady state happens after 40 s, and velocity increases by 4 times greater than
its initial value. Fig. 4.4 shows the evolution of fault friction versus slip. It can be seen as
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the velocity step is imposed, the coefficient of friction increases abruptly from the initial
friction of 0.6 to 0.613 and then decreases with slip to a constant value of 0.606.
However, the final friction is still slightly greater than the initial one, showing the
velocity-weakening behavior of the fault.

Frictional coefficient (f)
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Figure 4.3

slip velocity changes versus time

Frictional coefficient (f)
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Frictional coefficient evolution versus slip
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
5.1

Conclusions from chapter II
Injecting CO2 increases pore pressures and decreases the effective stress which

will lead to geomechanical deformation. This deformation can affect the storage integrity
by creating some new fractures, reactivating faults and changing the permeability.
Induced seismicity and CO2 leakage are two problematic consequences of these changes.
Blind or small faults with limited dimensions cannot be easily detected might be
the cause of an induced seismic event or serve as a leakage pathway. This paper
investigated the effects of the reservoir’s geomechanical and geometrical properties as
well as thermal stresses on the maximum earthquake magnitude of induced seismic
events when a 1-km long fault exists near the inaction site. For this purpose, 2D coupled
Thermo-Hydro-Mechanical (THM) modeling using COMSOL Multiphysics was
performed to obtain the changes in the stress and deformation fields in the reservoir, fault
and surrounding rock.
The effect of three reservoir properties including the thickness, permeability and
porosity were investigated. For each parameter of interest, there different values were
examined. The maximum amount of earthquake generated belongs to low permeability of
reservoir (kr = 10-14 m2) case which was 3.2. The lowest amount of earthquake magnitude
was for the reservoir with permeability of kr = 10-12 m2 which was 2.2. The amount of
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slip was almost the same for all the three values of reservoir porosity (0.1, 0.15 and 0.2)
which was around 8.5 cm and it occurred after 340, 310 and 370 days of injection,
respectively. In the model with the smallest reservoir (L = 100 m), fault rupture occurs
after 280 days of injection and it induced a 2.37 seismic magnitude.
Generation of pore pressure versus time was similar for all the parameters of
interest. Among the different reservoir thicknesses that were examined, the largest pore
overpressure was induced in the thinnest reservoir (L = 100 m). For the reservoir
permeability, build up pore pressure continuously increased with the time for the three
reservoir permeability values and it reached to 14.5 MPa in the reservoir with the lowest
permeability. The lowest over pressure was induced in the reservoir with the highest
porosity ( = 0.1).
Among the three parameters that have been investigated, permeability had the
largest impact on the magnitude of induced events. Changing the reservoir porosity had the
least effect on fault slip and uplift. Geometry of reservoir (thickness) affected fault slip as
well as uplift to a higher degree comparing to the porosity. The heat flux didn’t noticeably
change the induced fault slip and event magnitude for the examined model and injection
characteristics. However, further studies are needed to investigate whether or not thermal
stresses induced by CO2 injection can have significant impact over longer periods of
injection.
5.2

Conclusions from chapter III
In this paper, we investigated the potential impact of thermal pressurization (TP)

on the response of the shear zone a critically stressed fault which has been triggered by
CO2 injection. A multi-scale modeling approach was used in this study to properly
79

account for different components and scales involved in this problem. That is, a largescale poroelasticity model was used to simulate CO2 injection in the reservoir and fault.
Once fault slip initiated in the large-scale model, the induced stresses and pore pressure at
the center of the fault were fed into a small-scale model to represent initial conditions for
the slipping zone of the fault in this model.
Two sets of small-scale models, with and without TP effect, were built and
compared. We conducted simulations for various slipping zone thicknesses, hydraulic
diffusivity, slip velocities and injection rates. The following conclusions can be drawn
from the numerical simulation results:
The comparative study of the models, with and without TP effect, indicated that
in all cases ignoring the TP role can lead to a significant underestimation of pore pressure
built up during CO2 injection.
It is demonstrated that the pore pressure build up increases as the injection rate
increases in both models. However, higher pore pressures were generated in the model
with TP. By including the TP effect, the pore pressure increases as much as 50%, 56%,
and 58% for injection rates of 0.02 Kg/s.m, 0.05 Kg/s.m, and 0.1 Kg/s.m, respectively.
Our simulations indicated that the TP-induced fault weakening rate increases as
the shear zone thickness (w) decreases. This is attributed to the fact that in thicker shear
zones heat is dissipated over larger gouge volumes, which decrease the maximum rises to
the temperature and pore pressure. In the model with w = 0.5 mm, the maximum pore
pressure in the TP model was 7 MPa higher than that in the model without TP. The same
holds true for temperature as TP generates higher temperature for smaller values of
slipping zone thicknesses.
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Regarding slip velocity, the instability time becomes shorter and the fault is
weakened faster for larger slip velocities. For v = 0.1 m/s, the residual state is reached
after 0.44 s whereas it becomes 0.08 and 0.05 s for the slip rates of 0.5 and 1 m/s,
respectively. The same trend was observed for temperature changes. At every time step,
higher temperature developed in the model with greater v.
We found that changing 𝜔 does not have significant effect on pore pressure,
temperature and fracture energy evolution. This is due to the fact that the compressibility
of CO2 is much larger than that of water and rock. Thus, higher compressibility leads to a
very low ω value which causes a negligible impact on pore pressure, and temperature
development.
5.3

Recommendations for future work
Many studies have been made to investigate different aspects of induced

seismicity issue due to the geo-energy technology applications. However, there has not
been much progress, leaving many important questions not answered and many concerns
not addressed. This lack of progress is mainly due to our limited knowledge of the underground as well as very random, complex and unpredictable nature of fault and
earthquake. The results of this dissertation support the conjecture of a link between CO2
injections and induced seismic events. However, more realistic modeling of reservoir and
fault mechanics as well as real field data are required to get more applicable and reliable
results. Some recommendations for further research are listed below:
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Fault zones in the Earth’s upper crust contain different layers that have
distinct mechanical and permeability properties. During fault slip,
depending on stress reduction value and slip velocity the permeability of
the fault zone may vary drastically, making the zone act either as a barrier
or as a conduit for fluid flows. Therefore, a hydro-mechanical model of
faulting needs to be developed to capture the realistic aspects of fault
hydro-mechanical behavior before and during slip. By having this model,
the stress-induced changes in porosity and permeability of fault can be
measured.



Since there is not much experience with large-scale injection of CO2 and
induced seismicity potential, it is beneficial to develop a 3-D multi-phase,
coupled thermo-hydro-mechanical modeling of reservoir to study induced
seismicity during and after a long period of large-scale CO2 injection in
the presence of a fault. Different fault distance from well as well as
different time period of injection need to be investigated.



There is a concern regarding potential leakage of CO2 through active
faults, fractures and caprock to reach the shallow groundwater during or
after CO2 injection. For this purpose, it is beneficial to build a discrete
fracture network of reservoir and fault damage zone to analyze the
potential leakage pathways.



There are some factors that control the induced seismicity events and
increase the probability of earthquakes as a result of fluid injection: the
magnitude of the perturbation, the spatial extent of the affected volume,
initial stress conditions, and the presence of well oriented and critically
stressed faults for slip. Injection rate and pressure, and the total volume
injected can affect the magnitude, extent, and shape of a pore-pressure
perturbation. The relation between volume of injected fluid and the
maximum magnitude of seismic event was already found by McGarr’s
formulation. However, more statistical studies are required to find the
possible relation between injection rate and the maximum induced
earthquake magnitude.
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